Objective: We aimed to determine whether endothelial activation biomarkers increase after HIV-1 acquisition, and whether biomarker levels measured in chronic infection would predict disease progression and death in HIV-1 seroconverters.
Introduction
Chronic HIV-1 infection has been associated with immune activation and inflammatory cytokine production [1] . Elevated biomarkers of inflammation and coagulopathy, including interleukin-6 (IL-6) and Ddimer, have been associated with death or disease progression in several prospective studies of adults receiving antiretroviral therapy (ART) [2] [3] [4] . Such biomarkers have been associated with vascular dysfunction [5] , which frequently occurs in the setting of endothelial activation [6, 7] . Increased biomarkers of endothelial activation, notably soluble intercellular adhesion molecule-1 (ICAM-1) and soluble vascular cell adhesion molecule-1 (VCAM-1), have been reported in persons with chronic HIV infection relative to HIVuninfected controls [8, 9] . We and others have reported that levels of endothelial activation biomarkers including soluble ICAM-1, VCAM-1, and E-selectin and plasma angiopoietin-2 (ANG-2) decrease, but do not normalize, after ART initiation, and that levels of these biomarkers may also predict adverse outcomes [10] [11] [12] [13] .
Although it is becoming clear that endothelial activation may be important in chronic HIV infection, much less is known about the effect of HIV-1 acquisition on this process. In addition, it is unknown whether biomarker levels measured early in HIV-1 infection, before immunosuppression occurs, may be predictive of adverse outcomes. We hypothesized that biomarkers of endothelial activation would increase after HIV-1 acquisition, and that plasma levels of these biomarkers during chronic infection would be associated with disease progression and death.
Methods

Ethics statement
All participants gave written informed consent. Ethical review committees of the Kenyatta National Hospital, University of Washington, and Fred Hutchinson Cancer Research Center approved the research protocols.
Study population and procedures
We included all women with a known date of HIV-1 seroconversion who were identified in the Mombasa high-risk women's cohort between 1993 and 2009, and for whom stored plasma samples were available to test endothelial activation biomarkers. Procedures for followup in this cohort have been described previously [14, 15] . Briefly, HIV-1-seronegative women who attended a municipal clinic in Mombasa, Kenya and reported engaging in transactional sex were invited to participate. At enrollment and monthly thereafter, women were interviewed using standardized questionnaires about recent sexual behavior and health status, and then underwent a standardized physical examination. Blood was collected for HIV-1 serologic testing at each monthly visit.
Women who seroconverted to HIV-1 during follow-up were asked to continue their monthly clinic visits, and blood samples were obtained quarterly. Women who missed two consecutive clinic appointments were traced at their workplaces by trained study staff. For women who died, information on the date of death was collected from colleagues and employers during these tracing visits. The cause of death could be verified for only a limited number of participants.
At each visit, study participants received individualized, confidential risk-reduction counseling, free condoms, and outpatient medical care. For women who acquired HIV-1, care included cotrimoxazole prophylaxis, isoniazid preventive therapy for latent tuberculosis infection, and treatment of opportunistic infections. Beginning in 2004, ART was offered in the research clinic, and also became available through other clinics in the Mombasa area. ART status was recorded at each study visit, and the date of ART initiation was ascertained for all participating women.
Laboratory methods
HIV-1 serostatus was evaluated using the Detect HIV1/2 ELISA (BioChem Immunosystems, Montreal, Quebec, Canada) confirmed by a second ELISA [Recombigen (Cambridge Biotech, Worcester, Massachusetts, USA) or Vironostika HIV-1 Uni-Form II Ag/Ab (bioMérieux, Durham, North Carolina, USA)]. CD4 cell counts were determined using FACS Count (Becton Dickinson, Franklin Lakes, New Jersey, USA). Plasma specimens were frozen at À708C until shipment to Seattle on dry ice or in liquid nitrogen for HIV-1 RNA quantitation using the Gen-Probe HIV-1 viral load assay [16] . The lower limit of quantitation was 100 copies/ml.
Date of HIV-1 infection
For women with HIV-1 detected in plasma samples collected before HIV-1 seroconversion, we estimated that HIV-1 infection occurred 17 days before the first sample was found to be positive for HIV-1 RNA, as in previous studies in this cohort [15] . For women who had no plasma viremia detected before HIV-1 seroconversion or for whom no preseroconversion samples were available for RNA testing, we estimated that HIV-1 infection occurred at the midpoint between the last clinic visit at which the woman was HIV-1-seronegative and the first clinic visit at which the woman was HIV-1-seropositive.
Endothelial activation biomarkers
Time periods for biomarker testing were defined as follows: the preinfection period was the year prior to the estimated date of infection, the acute infection period was up to 119 days after the estimated date of infection, and chronic infection was at least 120 days after the estimated date of infection. Because we wanted to determine whether the endothelial biomarkers we studied were independently associated with outcomes after adjustment for the set point plasma viral load, we further divided chronic infection into two periods: the first period corresponded to the viral load set point period, which was defined as from 120 to 720 days (i.e. 4-24 months) after the estimated date of infection [17, 18] , and the second period was defined as more than 720 days after the estimated date of infection, when viral load may start to increase. Aliquots of the first available stored plasma samples (or last available, in the case of preinfection) from these four time periods were shipped to Toronto on dry ice and stored at À808C prior to testing for endothelial activation biomarkers [19, 20] .
Plasma concentrations (dilution factors indicated in parentheses) of ANG-1 (1 : 5), ANG-2 (1 : 5), soluble ICAM-1 (1 : 1000), soluble VCAM-1 (1 : 2000) , and soluble E-selectin (1 : 50) were measured by ELISA (R&D Systems Duoset kits, Minneapolis, Minnesota, USA) according to manufacturers' instructions with modifications: assays were performed in 50 ml per well; plasma samples were incubated overnight at 48C; and ELISAs were developed using Extravidin-Alkaline Phosphatase (Sigma-Aldrich Canada Ltd, Oakville, Ontario, Canada; 1 : 1000 dilution, 45-min incubation) followed by addition of p-nitrophenyl phosphate substrate (Sigma-Aldrich Canada Ltd) before optical density reading at 405 nm. Concentrations were interpolated from four-parameter-fit standard curves. Background levels were determined from blank wells included on each plate (assay buffer added instead of sample), and the subsequent optical density was subtracted from all samples and standards prior to analysis. Samples with optical densities below the lowest detectable standard were assigned the value of that standard. Lower limits of detection for each assay were as follows: ANG-1, 19.53 pg/ml; ANG-2, 58.41 pg/ml; s-ICAM-1, 3.91 pg/ml; VCAM-1, 1.95 pg/ml; and E-selectin, 11.72 pg/ml.
Statistical methods
Descriptive statistics were used to present data on characteristics at HIV-1 acquisition and time points for sample testing. The Skillings-Mack test (i.e. Friedman test when there are missing data) was used to conduct a global test of the null hypothesis that biomarker levels did not vary across periods [21, 22] . Wilcoxon matched-pairs signed rank tests were used to compare endothelial activation biomarkers before infection to measurements in each period after HIV-1 acquisition. Spearman's rho was used to calculate nonparametric correlations between endothelial activation biomarkers and plasma HIV-1 RNA during the first chronic infection period. Wilcoxon rank sum tests were used to compare endothelial activation biomarkers measured during the first chronic infection period in women who did vs. did not die or experience disease progression during follow-up.
Cox proportional hazards regression was used to analyze associations between endothelial activation biomarkers measured in the first chronic infection period (i.e. corresponding to the time of viral load set point) and time to disease progression (i.e. stage IV disease or CD4 cell count <200 cells/ml), ART initiation (recommended for stage IV disease or CD4 cell count <200 cells/ml during the study period), or all-cause mortality. For this analysis, follow-up time was measured from the collection date of the sample tested (to estimate the predictive value of biomarkers from this time point), and participants were censored at the last visit before loss to follow-up or the end of the study period, whichever occurred first. Multivariable analysis was used to adjust for potential confounders, including set point plasma viral load and age at infection.
A separate Cox proportional hazards regression was used to analyze associations between endothelial activation biomarkers measured later in chronic infection (i.e. after the viral load set point period) and time to disease progression, ART initiation, or all-cause mortality. For this analysis, follow-up time was measured from the collection date of the sample tested, and participants were censored at the last visit before loss to follow-up or the end of the study period, whichever occurred first. Multivariable analysis was used to adjust for potential confounders, including plasma viral load measured at the same time point in chronic infection and age at infection.
Data were analyzed using Stata version 11.2 (StataCorp, College Station, Texas, USA). A two-sided P value less than 0.05 was considered significant.
Results
Study population
Characteristics of the 306 HIV-1 seroconverters who met the inclusion criteria are presented in Table 1 . Of these women, 106 (34.6%) had plasma HIV-1 RNA detected prior to seroconversion. Plasma HIV-1 RNA results were available for 232 women (75.8%) during acute infection, 242 women (79.1%) in the first chronic infection period, and 203 women (66.3%) later in chronic infection. Of note, only one of 232 women (0.4%) had started ART during the first chronic infection period and only 10 of 159 women (6.3%) had started ART later in chronic infection. Excluding visits on which women were taking ART, median plasma HIV-1 RNA levels were 87 410 copies/ml [interquartile range (IQR), 7321-696 012 copies/ml] during acute infection, 49 698 copies/ml (IQR, 8740-160 040 copies/ml) in the first chronic infection period, and 46 839 copies/ml (IQR, 11 830-191 900 copies/ml) later in chronic infection. Sex partners, past week c 1 (0-1)
Hormonal Of note, there were no differences between women with and without preinfection biomarker measurements, with respect to the characteristics presented in Table 1 .
Changes in endothelial activation biomarkers with HIV-1 acquisition and disease progression
Global tests of plasma ICAM-1, VCAM-1, and E-selectin levels over all four study periods revealed significant differences (P < 0.0001 for each biomarker). Global tests of ANG levels showed significant differences in plasma ANG-1 levels and the ratio of plasma ANG-2:ANG-1 across the four periods (P ¼ 0.02 for each comparison), but no significant change in plasma ANG-2. Table 2 presents median levels of each biomarker before infection, during acute infection, and in each chronic infection period. Increases in soluble ICAM-1 and soluble VCAM-1 were highly significant at all points after infection, whereas an increase in soluble E-selectin was limited to acute infection. Median plasma ANG-1 levels decreased steadily over the course of HIV-1 infection, with the difference from preinfection baseline becoming significant during the second chronic infection period (P ¼ 0.0004). Although plasma ANG-2 levels increased over the course of HIV-1 infection and disease progression, there were no significant differences from the preinfection baseline (P > 0.15 in all periods). The plasma ANG-2:ANG-1 ratio, however, increased during acute infection (P ¼ 0.003, see table for details). These differences are depicted graphically in Fig. 1 .
Endothelial activation biomarkers during the viral load set point period During the first chronic infection period, which corresponded to the viral load set point period, plasma viral load was positively correlated with soluble ICAM-1 and soluble VCAM-1 (r ¼ 0.283, P < 0.0001 and r ¼ 0.233, P ¼ 0.0004, respectively), but not with plasma ANG-1, plasma ANG-2, or soluble E-selectin. Levels of soluble ICAM-1 and VCAM-1 were higher among women who experienced disease progression or death compared to women who did not (median 240.4 vs. 201.6 ng/ml, P ¼ 0.002; and median 619.3 vs. 511.7 ng/ ml, P ¼ 0.001, respectively). There were no significant differences in plasma ANG-1 levels, plasma ANG-2 levels, the ANG-2:ANG-1 ratio, or soluble E-selectin levels between women who died or progressed and those who did not. follow-up had a lower level of education and were less likely to use tobacco, but did not differ with respect to the other characteristics presented in Table 1 . Ten women started ART prior to experiencing disease progression, of whom seven had a CD4 count nadir less than 300 cells/ml prior to ART initiation and three started ART at outside clinics during a break in follow-up and returned with higher CD4 cell counts. load and age at infection were significant predictors of disease progression, ART initiation, or death. Both soluble ICAM-1 and soluble VCAM-1 were associated with the combined outcome in bivariable analysis. After adjustment for set point plasma viral load and age at infection, soluble VCAM-1 remained an independent predictor of time to HIV-1 disease progression or death [adjusted hazard ratio 5.36, 95% CI 1.99-14.44 per log 10 increase, P ¼ 0.001]. Soluble ICAM-1 was no longer a significant predictor in the multivariable model. In a sensitivity analysis excluding the 10 women who started ART prior to experiencing disease progression, results were unchanged. Figure 3 illustrates the proportion of women who experienced disease progression or death according to soluble VCAM-1 categorized as greater than or equal to or below the median. Participants with both soluble VCAM-1 levels and plasma viral load greater than or equal to the median were at highest risk for an adverse outcome during follow-up.
Vascular cell adhesion molecule
Soluble vascular cell adhesion molecule-1 measured later in chronic infection also predicts time to disease progression, antiretroviral therapy initiation, or death One hundred and forty-five women had biomarkers measured later in chronic infection. Over 574 py from the time of these measurements, 35 women experienced disease progression or death, for a rate of 6.1 per 100 py (95% CI 4.4-8.5 per 100 py). In this analysis, plasma viral load (measured at the same time point), soluble ICAM-1, soluble VCAM-1, and age at infection were associated with disease progression or death at P less than 0.10 in bivariable analysis. In a multivariable model including all these predictors, VCAM-1 was the only significant predictor, with an adjusted hazard of 4.67 (95% CI 1.04-21.05) for each log 10 increase in this biomarker.
Discussion
In this study of initially seronegative Kenyan women who acquired HIV-1 during follow-up, we have found that HIV-1 acquisition leads to endothelial activation, with increases in plasma levels of cellular adhesion biomarkers (soluble ICAM-1, VCAM-1, and E-selectin) and alterations in ANG regulation in acute and chronic infection. Both soluble ICAM-1 and soluble VCAM-1 remain elevated relative to preinfection levels during all postinfection periods. We found that levels of soluble VCAM-1 measured during the set point period or later in chronic infection predicted time to disease progression or death, independent of plasma viral load.
VCAM-1 is a transmembrane immunoglobulin superfamily protein expressed by activated endothelial cells and smooth muscle cells [23] . VCAM-1 binds to very late antigen 4 (VLA-4), an integrin dimer expressed by monocytes, lymphocytes, and eosinophils, and promotes cell-cell adhesion and transmigration of inflammatory cells [23] [24] [25] . and tumor necrosis factor alpha, as well as C-reactive protein (CRP) produced by the liver in response to IL-6 [24] . VCAM-1 expression is restricted to endothelial and dendritic cells, whereas ICAM-1 is more broadly expressed [25] . The soluble forms of these adhesion molecules can be shed from cell surfaces and reflect the level of cellular activation [26] .
Elevated levels of soluble ICAM-1 and soluble VCAM-1 have been reported in HIV-infected individuals compared to healthy controls in a number of studies [8, 9, [27] [28] [29] [30] . These elevations have been associated with higher levels of viral replication [9] , and were independent of CRP levels and inconsistently related to CD4 cell counts [8, 9, 27] . VCAM-1 levels remained elevated in untreated persons with chronic infection, but were reduced after up to 24 months of ART [28] , suggesting that chronic HIV-1 infection, not its pharmacological treatment, induces endothelial activation. Although soluble adhesion molecules, especially soluble ICAM-1, may be expressed by other cell types, including fibroblasts and leukocytes [26] , these findings are consistent with in-vitro studies showing that viral Tat protein induces VCAM-1 expression in human pulmonary artery endothelial cells [31] .
Elevations in VCAM-1 levels have been reported in adolescents infected with HIV-1 through adult risk behavior, suggesting that endothelial activation occurs in response to HIV-1 acquisition even in young individuals [32] . To our knowledge, our study is the first to measure endothelial activation biomarkers before and after HIV-1 acquisition and to prospectively evaluate the association between endothelial activation biomarkers and disease progression in HIV-1 seroconverters. Of note, soluble VCAM-1 has been found to predict risk of future cardiovascular death in HIV-1-uninfected populations, independently of classic risk factors and CRP levels [33] . We have no data on cardiovascular outcomes in our study population, but additional research to investigate the relationship between endothelial activation biomarkers and future cardiovascular disease outcomes in HIV-1infected patients is warranted, based on our findings.
In our completed study of changes in endothelial activation biomarkers among chronically infected Kenyan women initiating ART, plasma levels of soluble ICAM-1, soluble VCAM-1, soluble E-selectin, and plasma ANG-2 decreased after treatment, with a concomitant increase in plasma ANG-1 levels [10] . Whereas decreased plasma levels of soluble ICAM-1 and a decreased ANG-2:ANG-1 ratio were seen at months 6 and 12, a decrease in soluble VCAM-1 was not seen until 12 months after ART initiation. Baseline plasma ANG-2 and soluble ICAM-1, but not soluble VCAM-1, predicted mortality after ART initiation [10] . It is possible that increased plasma ANG-2 and soluble ICAM-1 levels in that study of women with advanced HIV-1 infection were associated with undiagnosed coinfections, such as tuberculosis. In the current study of HIV-1 seroconverters, increased soluble VCAM-1 levels measured early in chronic infection, at the time of viral load set point, were unlikely to be due to opportunistic disease.
An important strength of this study is that participants were followed longitudinally before and after HIV-1 acquisition. In addition, the time period of this study included many years prior to the availability of ART in Kenya, providing insight into the natural history of HIV-1-related endothelial activation. We were able to study disease progression among 228 HIV-1 seroconverters who had samples available in the set point period and subsequent monitoring for disease progression. The long follow-up time and large number of events provided adequate power to detect important differences in outcomes.
Our study has a number of limitations. First, we had incomplete data due to missing samples and loss to follow-up. In particular, only 162 women (35%) had stored preinfection samples available for testing. Nevertheless, we found no differences between women with and without preinfection biomarker measurements. Second, we had incomplete data on potential confounding factors, including intervening infections, nutritional status, substance use, and chronic conditions such as diabetes and hypertension, which may be related to endothelial activation. Third, there are no clinically relevant cut-points for endothelial activation biomarkers, and assays are not standardized, which makes it difficult to compare studies directly. Fourth, we did not measure other known biomarkers such as high-sensitivity CRP, fibrinogen, D-dimer, and IL-6, and so could not determine their association with biomarkers of endothelial activation in this population. However, these four biomarkers were not found to be elevated after HIV-1 acquisition in a cohort of male seroconverters [34] . Finally, because we studied a group of Kenyan women who had seroconverted for HIV-1 infection, our results may not be generalizable to men, to persons in other geographic locations, or to persons who are treated with ART early in the course of infection.
In conclusion, we found that HIV-1 acquisition led to endothelial activation, with sustained elevations of soluble ICAM-1 and soluble VCAM-1. There was evidence of ANG dysregulation in acute infection, with an increased ANG-2:ANG-1 ratio, and in chronic infection, with decreases in plasma ANG-1. Soluble VCAM-1 measured during the viral load set point period was a strong predictor of adverse outcomes, independent of set point plasma viral load, and was also associated with outcomes when measured later in chronic infection.
HIV-1 infection increases plasma levels of soluble VCAM-1, which may be an informative biomarker for predicting HIV-1 disease progression, morbidity, and mortality.
